Despite Cnidaria (sea anemones, corals, jellyfish, and hydroids) being the oldest venomous animal lineage, structure-function relationships, phyletic distributions, and the molecular evolutionary regimes of toxins encoded by these intriguing animals are poorly understood. Hence, we have comprehensively elucidated the phylogenetic and molecular evolutionary histories of pharmacologically characterized cnidarian toxin families, including peptide neurotoxins (voltage-gated Na + and K + channel-targeting toxins: NaTxs and KTxs, respectively), pore-forming toxins (actinoporins, aerolysin-related toxins, and jellyfish toxins), and the newly discovered small cysteine-rich peptides (SCRiPs). We show that despite long evolutionary histories, most cnidarian toxins remain conserved under the strong influence of negative selection-a finding that is in striking contrast to the rapid evolution of toxin families in evolutionarily younger lineages, such as cone snails and advanced snakes. In contrast to the previous suggestions that implicated SCRiPs in the biomineralization process in corals, we demonstrate that they are potent neurotoxins that are likely involved in the envenoming function, and thus represent the first family of neurotoxins from corals. We also demonstrate the common evolutionary origin of type III KTxs and NaTxs in sea anemones. We show that type III KTxs have evolved from NaTxs under the regime of positive selection, and likely represent a unique evolutionary innovation of the Actinioidea lineage. We report a correlation between the accumulation of episodically adaptive sites and the emergence of novel pharmacological activities in this rapidly evolving neurotoxic clade.
Introduction
Venoms are among nature's most complex cocktails that are characterized by a diversity of molecules, such as large proteins, small peptides, polyamines, and salts, which disrupt the physiology of prey animals upon injection (Mebs 2002) . Several gene families encoding venom components have been subjected to extensive duplication and have evolved under the influence of positive (diversifying) selection (Chang and Duda 2012; Casewell et al. 2013) . The evolution of venom has been extensively studied in several venomous lineages that are of relatively younger evolutionary origin, such as advanced snakes (originated 54 Ma) (Vidal et al. 2009 ) and cone snails (originated 33-50 Ma) (Olivera 1997; Duda and Kohn 2005) . However, to date, the evolution and diversification of ancient venom systems, such as those of cnidarians, remains understudied.
The phylum Cnidaria (sea anemones, corals, jellyfish, and hydroids) is composed of diploblastic predatory animals (Ruppert et al. 2004) , where all members are venomous (Turk and Kem 2009) . Cnidarians are typified by the unique venom delivery apparatus called nematocyst (stinging organelle), which they employ to inject a cocktail of toxins into animals for predation and defense (Kass-Simon and Scappaticci 2002; Ruppert et al. 2004; David et al. 2008 ). Molecular and fossil data place the origin of cnidarians in the Ediacaran Period,~600 Ma (Erwin et al. 2011; Park et al. 2012; Menon et al. 2013) , making them the oldest lineage of venomous animals and an ideal phylum to understand the origin and diversification of venom. Because certain cnidarians serve pivotal ecological roles (e.g., reef-building corals) and are important model organisms in the field of evolutionary developmental biology (sea anemones and hydroids), genomic and transcriptomic data for several cnidarian species are rapidly accumulating in recent times (Putnam et al. 2007; Chapman et al. 2010; Shinzato et al. 2011; Steele et al. 2011; Technau and Steele 2011) . Moreover, certain cnidarian animals, such as box jellyfishes (Cubozoa), produce some of the world's most lethal venoms (Tibballs et al. 2011) .
In this study, we have assessed the phylogenetic histories and the molecular evolutionary regimes of a diverse range of cnidarian toxin families, including 1) sodium channel modulators (NaTx: type I and type II families) (Moran et al. 2009; Wanke et al. 2009 ); 2) potassium channel toxins (KTx: type I and type III families) (Castaneda and Harvey 2009 ); 3) aerolysin-related pore-forming toxins (PFTs) (Sher et al. 2005; Moran, Fredman, et al. 2012 ); 4) actinoporin PFTs (Anderluh and Macek 2002) ; 5) the jellyfish toxins (JFTs) (Brinkman et al. 2014) ; and 6) the newly discovered family of small cysteine-rich peptides (SCRiPs), which have been previously implicated in biomineralization in corals (Sunagawa et al. 2009 ). Our results unravel fascinating insights into the evolutionary origin and diversification of venom in this ancient clade of animals.
Results
Cnidarians secrete a diversity of toxin types to facilitate predation and defense. Here, we present the phylogenetic histories and the molecular evolutionary regimes of eight pharmacologically characterized cnidarian toxin types.
Neurotoxins
Neurotoxins rapidly immobilize prey animals and play an extremely important role in the venoms of certain cnidarians. They disrupt ion conductance through the modification or blocking of the voltage-gated sodium (Na v ) and potassium (K v ) ion channels: NaTx and KTx, respectively. Among cnidarians, neurotoxins have only been retrieved from the venoms of sea anemones (class: Actiniaria). NaTxs are one of the best characterized cnidarian toxins (Beress et al. 1982; Moran et al. 2009; Wanke et al. 2009 ) and are classified into three types (type I-III) based on the cysteine arrangement, overall structure, amino acid composition, and immunological crossreactivity (Moran et al. 2007 (Moran et al. , 2009 Smith and Blumenthal 2007) . The distinction between type I and type II NaTxs has been artificial, considering the similarity they share in structure and function. However, whether they resolve into distinct phylogenetic clades remains to be investigated. Hence, we have analyzed type I and type II NaTxs together. Based on sequence identity, sequence length, number of disulfide bridges, and binding affinities toward various Kv ion channels (Honma and Shiomi 2006; Honma et al. 2008; Castaneda and Harvey 2009) , sea anemone KTxs have been classified into five types: type I-V (Orts et al. 2013) . Because type II KTxs cannot be distinguished from their physiological homologs (nontoxic body proteins) in the absence of biochemical characterization (Minagawa et al. 2008) , and because not enough nucleotides of type IV and V KTxs have been sequenced to date, we have only analyzed KTxs of type I and type III families. It should be noted that the five KTx types are not homologous (Orts et al. 2013) .
We investigated the nature of natural selection influencing the evolution of genes encoding various cnidarian toxin families using maximum-likelihood models (Yang 1998) implemented in PAML (see Methods). The site model 8 (M8) computed omega (!) of 0.58 and 0.66 for NaTxs and type I KTxs, respectively, indicating a strong influence of negative selection on these toxin types, while highlighting the influence of positive selection on type III KTxs (! = 1.33) ( fig. 1 and  table 1 ). The Bayes Empirical Bayes (BEB) approach implemented in M8 failed to identify positively selected sites in NaTx. However, M8 identified one and six positively selected sites in type I and type III KTxs, respectively (figs. 1 and 2, table 1, and supplementary tables S1.1-S1.3, Supplementary Material online). The mixed effects model of evolution (MEME) identified as many as eight sites evolving under the influence of episodic diversifying selection in NaTxs, while identifying three and five sites in type I and type III KTxs, respectively ( fig. 2 and table 1 ). These results indicate that certain regions in these neurotoxins have evolved rapidly under the episodic influence of adaptive selection.
To understand the surface accessibility of positively selected and episodically diversifying sites, we computed the accessible surface area (ASA) ratio for all sites in the homology models of these neurotoxins. Our analyses revealed that all four episodically diversifying sites, with an ASA ratio in the range of 60-100 (ASA ! 50 is characteristic of surfaceexposed sites) in the secreted region of NaTxs, were surface exposed (supplementary table S2, Supplementary Material online). Six of the 8 positively selected and episodically diversifying sites in the mature sequence of type III KTxs had an ASA ratio in the range of 51-100, while only a single site was found to be buried (ASA 20 indicates buried residues). The remaining site (ASA = 35) in this toxin type could not be assigned to buried/exposed category. Similarly, the single positively selected site in KTx type I was surface exposed (ASA = 100), while the lone diversifying site in the mature region of this toxin had its side chain exposed (ASA = 47; ASA value ranging between 40 and 50 is indicative of residues with surface accessible side chains).
Several previously published KTx type III toxins were known to have a similar cysteine framework and activity as that of the sea anemone NaTxs (Diochot et al. 2004; van Vlijmen et al. 2004; Zaharenko et al. 2008; Peigneur et al. 2012) . Hence, we analyzed them together in this study to explore the possibility of a common evolutionary origin of the two toxin types. Midpoint rooted nucleotide Bayesian and maximum-likelihood phylogenetic trees placed type III KTxs in the same clade as type I NaTxs (Bayesian posterior probability [PP] 0.997; bootstrap support 734/1,000), suggesting a common evolutionary origin of these two toxin types ( fig. 3 and supplementary fig. S1 , Supplementary Material online). Our phylogenetic analyses further resolved NaTxs into four distinct clades: 1) Type I NaTx (polyphyletic clades); 2) type II NaTxs; 3) the orphan NaTx clade (a unique clade of NaTxs that does not belong to either type I or type II NaTxs); and 4) a clade of Nv1 toxins from Nematostella vectensis ( fig. 3 ). Rooting the tree with toxin sequences from N. vectensis or Halcurias carlgreni, two basal sea anemone lineages (for sea anemone species phylogeny [Rodriguez et al. 2014 ], see supplementary fig. S2 , Supplementary Material online), did not change the topology of the tree and supported the common origin of NaTx and KTx type III (supplementary fig. S1 , Supplementary Material online). Because neurotoxins from N. vectensis (Nv1) and H. carlgreni (Halcurin) are characterized by domains similar to both type I and type II NaTxs, they have been previously suspected to be among the most basal sea anemone neurotoxins (Ishida et al. 1997; . Because phylogenetic analyses in this study resolved type I and type II NaTxs into distinct clades, we computed omega values for each of these clades independently. These analyses suggested that both type I and type II NaTxs have evolved under the influence of negative selection (supplementary tables S3.1 and S3.2, Supplementary Material online).
Pore-Forming Toxins
Actinoporins Actinoporins are arguably the best studied PFTs secreted by Cnidaria (Anderluh and Macek 2002) . They typically interact with their target sphingomyelin membrane (SM) to form oligomeric pores, which result in osmotic imbalance and cell death (Garcia-Ortega et al. 2011) . It was previously shown that the presence of the aromatic cluster, an array of basic residues, the phosphocholine (POC) binding site, and the N-terminal region containing an amphipathic -helix are essential for the recognition and binding to the SM membrane and the cytolytic activity of actinoporins Kristan et al. 2009; Garcia-Ortega et al. 2011) . Mapping the results of evolutionary selection analyses on the sequence alignment of actinoporins revealed the greater influence of negative selection on regions responsible for this cytolytic activity. Most sites implicated in pore-forming activity and the structural stability were found to have evolved under the influence of negative selection (fig. 4) . The Fast, Unconstrained Bayesian AppRoximation (FUBAR) analysis, which detects sites evolving via pervasive diversifying and purifying selection, identified 7/9 POC binding sites, 4/7 sites in the array of basic residues, 6/8 sites in the array of aromatic residues, and 3/22 residues of -helix as constrained by pervasive negative selection pressure (PP ! 0.90) (table 2). M8 computed ! of 0.39 for actinoporins, indicating a strong influence of negative selection on this toxin type, while the BEB approach implemented in this model failed to identify positively selected sites (table 2) . However, the MEME identified as many as 25 sites in actinoporins as evolving under the influence of episodic diversifying selection (figs. 1 and 4, table 2, and supplementary table S4.1, Supplementary Material online).
Aerolysin-Related Toxins in Sea Anemones and Hydroids
Aerolysin-related toxins are nonnematocystic paralytic toxins with -pore-forming activity, secreted from the nonnematocystic digestive cells of various sea anemones and hydra species (hydralysins) (Sher et al. 2005; Mancheno et al. 2010; Moran, Fredman, et al. 2012) . Because hydralysins were found to be secreted by Hydra viridissima during feeding, they have been theorized to play a role in the digestion of prey animals (e.g., crustaceans) (Sher et al. 2008) . Hence, it has also been hypothesized that aerolysin-related toxin homologs in sea anemones, which are secreted by the ectodermal cells of the pharynx, play a similar role (Moran, Fredman, et al. 2012) . Interestingly, hydralysins and the sea anemone aerolysin-related toxins have been suggested to originate from two independent recruitment events that involved horizontal gene transfers (Moran, Fredman, et al. 2012) .
Evolutionary assessments revealed that aerolysin-related toxins in both sea anemones and Hydra have evolved under the extreme influence of negative selection (! of 0.27 and 0.21, respectively) (table 2 and supplementary tables S4.2 and S4.3, Supplementary Material online). FUBAR revealed numerous amino acid sites in these toxin types that evolved under the pervasive influence of negative selection (300 and 120 sites, respectively). Although MEME detected only 9 sites as episodically adaptive in hydralysins, as many as 41 sites were detected in aerolysin-related homologs of sea anemones (figs. 1 and 5 and table 2).
Jellyfish Toxins
JFTs are among the most dangerous toxins secreted by jellyfish and are known for a diversity of immunological and toxicological activities, including hemolyticity, cardiotoxicity, cutaneous inflammation, and necrotic activities. It has been proposed that their pore-forming activity is responsible for toxicity associated with human envenomations (Tibballs et al. 2011) . Originally, JFTs were reported to be limited to Cubozoa and Schyphozoa. However, homologs of JFTs were recently reported in H. magnipapillata (Brinkman et al. 2014) . Through BLAST searches, we have retrieved such homologs from various sea anemones (Aiptasia pallida) and various hydroids (Hydractinia symbiolongicarpus and H. vulgaris), suggesting that JFTs originated within the common ancestor of all extant cnidarians more than 600 Ma. ! of 0.39 was computed by M8 for JFTs, highlighting the significant influence of negative selection on this toxin type (table 2, supplementary fig. S3 and  supplementary table S4 .4, Supplementary Material online). Although BEB failed to detect any site in this toxin as positively selected, MEME identified as many as 17 sites that evolved under episodic bursts of positive selection.
Small Cysteine-Rich Peptides SCRiPs were originally identified as genes unique to reefbuilding corals (Scleractinia) that are downregulated during heat stress (Sunagawa et al. 2009 ). Given the similarity in the temporal expression pattern they share with galaxin, a key protein involved in the biomineralization process (Fukuda et al. 2003) , SCRiPs were implicated in calcification of the coral skeleton (Sunagawa et al. 2009 ). However, a greater sequence diversity in SCRiPs ( fig. 6 ) is uncharacteristic of homeostatically important proteins, such as those involved in the biomineralization process. Previously, a -defensin domain was reported in Mfav-SCRiP1 (Sunagawa et al. 2009 ) and Interpro (Hunter et al. 2012 ) scanning performed in our study detected a domain that is very similar to the basic myotoxic domains of rattlesnake crotamine toxins (Interpro entry: IPR000881). Moreover, like SCRiPs, several peptide toxins in sea anemones have also been shown to exhibit downregulation in expression as a result of thermal stress (Richier et al. 2008) . Considering these observations, we suspected that SCRiPs may represent a class of toxins and not calcifying proteins as claimed by earlier studies. BLAST searches in this study surprisingly retrieved SCRiP homologs in sea anemones, Anemonia viridis and Metridium senile ( fig. 6 ), refuting the claim that these peptides are specific to scleractinian corals (Sunagawa et al. 2009 ). To gain further understanding regarding the bioactivity of SCRiPs, we expressed Amil-SCRiP1, Amil-SCRiP2, and Amil-SCRiP3 from the scleractinian coral Acropora millepora in a recombinant form (see Methods). Although the expression of Amil-SCRiP1 was unsuccessful, Amil-SCRiP2 and Amil-SCRiP3 were expressed in relatively large amounts (1.5 mg protein per 1 l of bacterial culture). This enabled us to test the notion that the two peptides are toxic. Interestingly, the injection of these recombinantly expressed SCRiPs in blowfly larvae (Sarcophaga falculata) did not result in toxicity, while the incubation of zebrafish (Danio rerio) larvae at a concentration of 230 mg/ml resulted in severe neurotoxicity. In the first few minutes of incubation with SCRiPs, the fish exhibited FIG. 2. Sequence alignment of NaTx, KTx type I, and KTx type III. Positively selected/episodically adaptive (PS/Epi), structurally/functionally important, and extremely well-conserved (percent ID !90%) sites have been depicted. Uniprot accession numbers and pharmacological names of sequences are as follows. NaTx: 1) P01528 Anemonia viridis (Av2); 2) P01532 Anthopleura elegantissima (ApC); 3) Q76CA3 Stichodactyla gigantean (Gigt II); 4) P86459 Bunodosoma cangicum (Bcg1a); 5) B1NWS1 Nematostella vectensis (Nv1); and 6) P30785 Heteractis crispa (RTX-V). KTx type I: 1) Q0EAE5 Anemonia erythraea (Aer1a); 2) O16846 Heteractis magnifica (Hm1a); 3) E2S064 Cryptodendrum adhaesivum (Sm1a); 4) P29187 Stichodactyla helianthus (She1a); 5) P29186 Bunodosoma granuliferum (BcsTx1); and 6) Q9TWG1 A. viridis (AsKS). KTx type III: 1) P61541 A. elegantissima (APETx1); 2) P61542 A. elegantissima (APETx2); 3) B3EWF9 A. elegantissima (APETx3); 4) P11494 A. viridis (BDS-1); 5) P59084 A. viridis (BDS-2); 6) P69930 Antheopsis maculata (Am-2); and 7) P84919 B. caissarum (BcIV). abnormal tail twitching. In contrast to the control group incubated with bovine serum albumin, fish incubated with SCRiPs gradually exhibited frequent twitching and shivering, stopped reacting to touch, and eventually became completely paralyzed. All fish incubated with Amil-SCRiP2 died within 200 min of exposure, while Amil-Scrip3 killed fish within 16 h. These results support the notion that SCRiPs may serve as neurotoxins, making them the first peptide neurotoxin family described from scleractinian corals. M8 computed ! of 0.72 and the BEB approach failed to identify positively selected sites in SCRiPs (table 2, fig. 6 , and supplementary table S4.5, Supplementary Material online). Thus, selection assessments indicated that coral SCRiPs have evolved under the influence of negative selection.
Discussion

Strong Negative Selection Governs the Evolution of Most Cnidarian Toxins
Molecular evolutionary assessments of cnidarian toxin families using the state-of-the-art methods revealed the extreme conservation of toxin-encoding sequences, despite their long evolutionary histories (figs. 1-6, tables 1 and 2, and supplementary fig. S3 and supplementary tables S1.1-S1.3, S3.1 and S3.2, S4.1-S4.5, Supplementary Material online). The computed ! values ranged between 0.21 and 0.72, indicating a strong influence of negative selection on a majority of sites in these proteins. This is in stark contrast to most predatory animal venoms that are known to rapidly evolve under the influence of positive selection (Lynch 2007; Casewell et al. FIG. 3 . The common origin of NaTx and KTx type III. The phylogenetic tree of NaTx and KTx type III built using nucleotide sequences is presented here. Node support (Bayesian posterior probability/bootstrap replicate support) for the major clades and clade-specific omega values are also provided. Sunagar et al. 2012 Sunagar et al. , 2014 Brust et al. 2013; Dutertre et al. 2014) . Among all the cnidarian toxins examined in this study, only the type III KTxs seem to have evolved rapidly (! = 1.33) under the influence of positive Darwinian selection. When the majority of lineages or sites evolve under the strong influence of negative selection, it becomes difficult to identify adaptive selection that occurs in short bursts and influences a small proportion of lineages or sites (Murrell et al. 2012 ). The application of MEME detected several sites (ranged from 5 to 41) in most toxin types that experienced episodic bursts of adaptive selection (tables 1 and 2). Interestingly, a similar phenomenon was also reported in scorpions , which represent another ancient venomous animal lineage that originated nearly 400 Ma (Dunlop and Selden 2009 ). This reinforces the dynamic nature of venom in ancient lineages, where variations in venom-encoding genes accumulate episodically, possibly under an evolutionary chemical arm's race scenario with their target sites in prey animals. When toxin sequences that increase the potency and efficacy of envenoming are generated, they get fixed in the population and experience purifying selection for long periods of time. In contrast, in evolutionarily younger lineages, such as cone snails and advanced snakes, the rapid evolution of genes under the positive Darwinian selection is much more pronounced.
Most Adaptive Sites in Cnidarian Neurotoxins Are Surface Accessible
It has been suggested that most venom proteins that are involved in predation evolve through rapid accumulation of variation in the exposed residues (RAVER), where the molecular surface of the toxin accumulates bulk of the variations under the significant influence of positive Darwinian selection, while preserving the core residues involved in stability and/or catalytic activity . As synthesis and secretion of proteins is an energetically expensive process, over time, mutations that lead to the loss of Number of sites under pervasive purifying selection at the posterior probability !0.9 (FUBAR).
FIG. 4.
Sequence alignment of actinoporins. Episodically adaptive, structurally/functionally important, and extremely well-conserved (percent ID !90%) sites have been depicted. Uniprot accession numbers and pharmacological names of sequences are as follows: 1) P61914 Actinia equina (EqTII); 2) C5NSL2 Anthopleura asiatica (bp-1); 3) P61915 Actinia tenebrosa (Tenebrosin-C); 4) C9EIC7 Urticina crassicornis (Urticinatoxin); 5) Q9U6X1 Heteractis magnifica (HMg III); and 6) P07845 Stichodactyla helianthus (StnII).
stable structure and function are filtered out of the population by purifying selection. Thus, favoring the conservation of structurally important and catalytic residues. Moreover, the accumulation of variations on the molecular surface of the toxin seems to be advantageous as the altered surface biochemistry might lead to neofunctionalization (generation of novel pharmacological properties) and assist in immunological evasion ).
Computation of ASA ratios revealed that all four episodically diversifying sites in the mature peptide of NaTxs, one positively selected and another episodically adaptive site in KTx type I, were surface exposed (supplementary table S2, Supplementary Material online). Six of the eight positively selected and episodically diversifying sites in the mature sequence of type III KTxs were also surface exposed, while only one site was buried. Thus, a majority of positively selected or episodically adaptive sites in neurotoxins are surface exposed. RAVER has been reported in a myriad of animal lineages and in a plethora of venom proteins, including scorpion neurotoxins (Kini and Chan 1999; Sunagar et al. 2012; Brust et al. 2013; Low et al. 2013; Ruder et al. 2013; Pineda et al. 2014) . Hence, it appears that even the toxins of the most ancient animal lineages adopt RAVER and favor the accumulation of variations on the molecular surface.
Negative Selection Constrains the Evolution of PoreForming Toxins
It is particularly interesting to note that most of the cnidarian PFTs have evolved under the extreme influence of negative selection (figs. 2 and 4, table 2, and supplementary fig.  S3 and supplementary tables S4.1-S4.5, Supplementary Material online). This may be a result of their ability to utilize certain amino acids (e.g., charged, polar, or hydrophobic) to nonspecifically bind to the membranes of target cells in prey animals, before potentiating the deadly pore-forming activity. As a result of this nonspecific function, they probably do not experience the predator-prey chemical arm's race and 
FIG. 6.
Sequence alignment of SCRiPs. Episodically adaptive, structurally/functionally important, and extremely well-conserved (percent ID !90%) sites are depicted here. Uniprot (sequences 1-5) and NCBI (sequences 6 and 7) accession numbers and pharmacological names of sequences are as follows: 1) C0H690 Acropora millepora (SCRiP1); 2) C0H691 A. millepora (SCRiP2); 3) C0H692 A. millepora (SCRiP3); 4) C1KIZ0 Montastraea faveolata (SCRiP2); 5) C0H693 Montipora capitata (SCRiP1a); 6) FK725749 Anemonia viridis; and 7) FC835414 Metridium senile.
could act on a very wide range of species. Moreover, it becomes necessary to conserve a variety of residues on their molecular surface that are involved in binding to target cells (figs. 4 and 5). As outlined above, a majority of residues in actinoporins that are implicated in binding to target cells were found to have evolved under the pervasive influence of negative selection (fig. 4) . Additionally, in order to gain their pore-forming function, actinoporins oligomerize into complex tetramers via the interaction of several residues (Kristan et al. 2004) . Consequently, to ensure the proper organization of these toxins into complex tertiary structures, structurally important residues evolve under the constraints of negative selection. A similar phenomenon has also been noted in certain classes of snake venom toxins that exhibit nonspecific cytotoxicity Sunagar et al. 2014) , emphasizing the fact that not all toxins evolve rapidly.
The Common Evolutionary Origin of Sodium and Type III Potassium Neurotoxins in Sea Anemones
Bayesian and maximum-likelihood phylogenetic reconstructions in this study placed the type III KTxs in the same clade as type I NaTxs ( fig. 3 ; Bayesian PP 0.997, bootstrap support 734/ 1,000), suggesting a common evolutionary origin of these two types. Although both type I and type II NaTxs remained constrained under the influence of negative selection, type III KTxs were found to have evolved rapidly (! = 1.33; six positively selected sites). Polytomy was observed at the node that leads to NaTx type I and KTx type III clades, suggesting that these proteins likely underwent rapid radiation in a short time. The pharmacological diversity in this neurotoxic lineage is probably reflective of an adaptive radiation. The examination of various sea anemone transcriptomes (Edwardsioidea: N. vectensis [Helm et al. 2013] and Edwardsiella lineata [Stefanik et al. 2014] ; Acuticulata: M. senile and A. pallida [Lehnert et al. 2012 ]) failed to retrieve type III KTxs from these lineages. Hence, type III KTxs probably represent a unique evolutionary innovation of actinioids, such as Anemonia, Bunodosoma, and Anthopleura (for sea anemone species phylogeny [Rodriguez et al. 2014 ], see supplementary fig. S3, Supplementary Material online) . Thus, it is likely that a subset of sodium channel targeting toxins experienced episodic bursts of adaptive selection in Actinioidea and accumulated mutations at an elevated rate, resulting in the origination of a novel toxin type that can target potassium ion channels. Interestingly, several KTx type III toxins still retain the ability to modulate sodium ion channels in prey animals. Thus, the evolution of neurotoxins in sea anemones is fascinating, because a subtype of potassium ion channel targeting toxin evolved within the sodium ion channel targeting toxins, and the potassium channel toxins evolved on at least five independent occasions (type I-V KTxs). It is also interesting to note that Actinioidea, which is likely the only sea anemone superfamily to have rapidly evolving type III KTxs, include several species with highly potent venoms such as A. virids, Anthopleura elegantissima, and Anthopleura xanthogrammica (Norton 1981; Schweitz et al. 1981) . Thus, the evolution and diversification of several toxin types including type III KTxs, within Actinioidea, may have facilitated the emergence of a highly potent venom in this lineage.
Functional Diversification of Sea Anemone Neurotoxins
It has been documented that a single point mutation can alter the biochemical activities of toxins. APETx3, a type III KTx from A. elegantissima, differs from its homolog APETx1, a selective toxin modulator of human ether-a-go-go related gene (hERG) voltage-gated potassium channels, only in having a threonine instead of proline at position 3 (position 4 in fig. 2 ). Fascinatingly, this single point mutation has been demonstrated to be responsible for the loss of APETx3's ability to modulate hERG channels (Peigneur et al. 2012) . This change has also been correlated with the origination of a different biochemical activity: the ability to modulate voltage-gated sodium ion channels (Peigneur et al. 2012) . Strikingly, our evolutionary assessments detected this site as experiencing episodic influence of adaptive selection ( fig. 2) . Recently, several other sites were identified in APETx2 from A. elegantissima, as important for inhibiting hERG and the unrelated acid-sensing ion channel 3 (ASIC3) (Jensen et al. 2014) . Evolutionary analyses in this study identified many of these functionally important sites as episodically adaptive: 1) Sites 21 and 36 (important for ASIC3 inhibition) and 2) site 22 (important for interacting with hERG; fig. 2 ). However, none of the positively selected sites we identified in type III KTxs coincide with sites in APETx2 that are responsible for targeting both hERG and ASIC3 channels (Jensen et al. 2014) . Thus, positive selection has strongly shifted the pharmacological properties of the toxin between targets but does not result in the complete loss of activity, which could have a deleterious effect on the fitness of the animal.
We also identified a few functionally important sites in other classes of neurotoxins and PFTs that experienced episodic adaptation (figs. 2-5): 1) Site 2 in NaTxs which was shown to be responsible for a moderate decrease in the binding affinity to insect Na v channels upon mutagenesis (V2A) ; 2) sites 54, 117, and 144 in actinoporins that are responsible for binding to cell membranes; and 3) the site in hydralysins shown to result in slight reduction (2.5-fold) of paralytic and hemolytic activity upon mutation (G129E) (Sher et al. 2005) . Additionally, sites that were shown to have minor effects on toxicity were also found to be positively selected (e.g., sites 12 and 40 in NaTx; fig. 1 ; . These findings suggest that sites that are relieved of purifying selection pressures and those responsible for toxicity constitute the evolutionary hotspots in cnidarian toxins, as long as mutations do not result in the complete loss of toxicity. Such sites may also promote changes in toxin selectivity and expand the range of molecular targets (Weinberger et al. 2010) .
SCRiPs May Represent the First Neurotoxin Family from Corals
Because SCRiPs cause profound neurotoxic effects in fish, it is most likely that they are employed as neurotoxins. Moreover, SCRiPs have been reported to be widely expressed in the ectoderm of A. millepora (Grasso et al. 2011) , which further support their likely role in prey envenomation, as ectoderm is chiefly lined by nematocytes and gland cells in anthozoans. In contrast to previous conclusions that SCRiPs are unique innovations of scleractinian corals (Sunagawa et al. 2009 ), the retrieval of SCRiP homologs from sea anemones in our study ( fig. 6 ) indicates that these proteins evolved nearly 500 Ma in the common ancestor of sea anemones and scleractinian corals (Shinzato et al. 2011) . Because reef-building corals form habitats for numerous species of marine animals, the understanding of their ecology and the evolutionary diversification of proteins, such as toxins that affect their ecological interactions, are important. Although peptide toxins from other cnidarians, particularly sea anemones, are well studied, practically nothing is known about venom in corals. Hence, the discovery of a novel family of neurotoxic peptides in this lineage is fascinating and may prove to be an important step forward in the understanding of the evolution of venom in this lineage.
To conclude, venom research in the past has chiefly focused on relatively evolutionarily younger animal lineages, such as the venoms of advanced snakes and cone snails. Our findings provide fascinating insights into the evolution of venom in Cnidaria: 1) The common origin of sodium channel toxins and a subtype of potassium channel toxins in sea anemones; 2) the discovery of the first neurotoxin family from corals; 3) identification of strong evolutionary constraints on most cnidarian toxin types, especially PFTs; and 4) insights into the functional diversification of various toxin types. These results emphasize the importance of understanding the molecular evolution, diversification, and phylogenetic histories of venom components, particularly in the ancient venomous lineages.
Materials and Methods
Phylogenetic Analyses
Translated nucleotide sequences were aligned using MUSCLE 3.8 (Edgar 2004) . Sequence alignments in FASTA format have been provided in the form of a zipped file (supplementary file 1, Supplementary Material online). The best-fit model of nucleotide substitution and amino acid replacement for individual toxin data sets were determined according to the Akaike's information criterion using jModeltest 2.1 (Darriba et al. 2012) and Prottest 3.0 (Darriba et al. 2011) , respectively (supplementary table S5, Supplementary Material online). Modelaveraged parameter estimates of the proportion of invariant sites (pinvar) and the gamma shape parameter () were used for reconstruction of trees. Maximum-likelihood and Bayesian phylogenetic analyses performed on the nucleotide data sets allowed the reconstruction of the molecular evolutionary histories of various cnidarian toxins. Bayesian inference implemented in MrBayes 3.2.3 (Ronquist et al. 2012 ) was used and a minimum of 15 Â 10 6 generations in 4 chains were run, saving every 100th tree. The log-likelihood score of each saved tree was plotted against the number of generations to establish the point at which the log-likelihood scores reached their asymptote. After the completion of burn-in phase, posterior probabilities for clades were established by constructing a majority-rule consensus tree for all trees generated. The maximum-likelihood trees were generated using PhyML 3.0 (Guindon et al. 2010) . Node support was evaluated with 1,000 bootstrapping replicates.
Selection Analyses
Maximum-likelihood models (Yang 1998) implemented in Codeml of the PAML (Yang 2007) were employed to assess the nature of natural selection on various cnidarian toxin families examined in this study. Site-specific models, which estimate positive selection statistically as a nonsynonymousto-synonymous nucleotide substitution rate ratio (!) significantly greater than 1, were employed. Because no a priori expectation exists, we compared likelihood values for three pairs of models with different assumed ! distributions: M0 (constant ! rates across all sites) versus M3 (allows ! to vary across sites within "n" discrete categories, n ! 3); M1a (a model of neutral evolution) where all sites are assumed to be either under negative (! < 1) or neutral selection (! = 1) versus M2a (a model of positive selection), which in addition to the site classes mentioned for M1a assumes a third category of sites; sites with ! 4 1 (positive selection) and M7 () versus M8 ( and !) (Norton and Pallaghy 1998) . The results are considered significant only if the alternative models (M3, M2a, and M8 that allow sites with ! 4 1) show a better fit in the likelihood ratio test (LRT) relative to their null models (M0, M1a, and M7: Do not allow sites ! 4 1). LRT is estimated as twice the difference in maximum-likelihood values between nested models and compared with the 2 distribution with the appropriate degree of freedom-the difference in the number of parameters between the two models. The BEB approach (Yang et al. 2005 ) is employed to identify sites under positive selection by calculating the posterior probabilities that a particular site belongs to a given selection class (neutral, conserved, or highly variable). Sites with greater PP (!95%) of belonging to the "! 4 1 class" were inferred to be positively selected. FUBAR (Murrell et al. 2013) implemented in HyPhy (Pond et al. 2005 ) was utilized to identify sites evolving under the influence of pervasive diversifying and purifying selection pressures. Additionally, MEME (Murrell et al. 2012 ) was used to efficiently detect episodically diversifying sites.
Structural Analyses
Consurf webserver (Armon et al. 2001 ) was used to map the evolutionary variability of amino acids onto the crystal structures of various cnidarian toxins. Furthermore, we calculated the ASA or the solvent exposure of amino acid side chains using GETAREA (Fraczkiewicz and Braun 1998) , which uses the atom co-ordinates of the Protein Data Bank (PDB) file and indicates if a residue is buried or exposed to the surrounding medium by comparing the ratio between side chain ASA and the "random coil" values per residue. An amino acid with an ASA ratio of 20% is considered to be buried, while an amino acid with a ratio of 50% or more is likely exposed to the surrounding medium. Pymol 1.3 (DeLano 2002) was used for visualizing three-dimensional structures.
Cloning, Recombinant Expression, and Purification of Toxins
Primers carrying NcoI and BamHI restriction sites and corresponding to the mature Amil-SCRiP1, 2, and 3 were designed according to the available transcript sequences (Sunagawa et al. 2009 ). The primers were used in a polymerase chain reaction (94 C for 2 min, 34 times [94 C for 20 s, 55 C for 20 s, 72 C for 30 s] and 72 C for 5 min) with A. millepora complementary DNA made from mixed developmental stages (kindly provided by Drs D. Hayward and E. Ball, Australian National University, Canberra). The resulting PCR fragment was digested with NcoI and BamHI (New England Biolabs, USA) and cloned with T4 DNA Ligase (Takara, Japan) into a pET-32b vector (Novagen, USA) digested with the same enzymes. Toxins were expressed fused to thioredoxin in the Escherichia coli Rosettagami strain (DE3, pLys; Novagen). Toxins were released from their thioredoxin tag and purified on HisTrap and Resource RPC columns connected to an AKTA fast protein liquid chromatography machine (GE Helathcare) as previously described for the Av3 toxin (Moran et al. 2007 ).
Toxicity Assays
Toxicity assays on blowfly and 3-days-old zebrafish larvae were performed as described before (Moran et al. 2007; Moran, Genikhovich, et al. 2012) . The zebrafish larvae were kindly provided by Dr Y Gothilf (Tel Aviv University).
Supplementary Material
Supplementary figures S1 and S2, tables S1.1-S5, and file S1 are available at Molecular Biology and Evolution online (http:// www.mbe.oxfordjournals.org/).
